First measurement of time evolution of electron temperature profiles with Nd:YAG Thomson scattering system on Heliotron Ja) Rev. Sci. Instrum. 85, 11D819 (2014) At anticipated high electron temperatures in ITER, the effects of electron thermal motion on Thomson scattering (TS), toroidal interferometer/polarimeter (TIP), and poloidal polarimeter (PoPola) diagnostics will be significant and must be accurately treated. The precision of the previous lowest order linear in τ = T e /m e c 2 model may be insufficient; we present a more precise model with τ 2 -order corrections to satisfy the high accuracy required for ITER TIP and PoPola diagnostics. The linear model is extended from Maxwellian to a more general class of anisotropic electron distributions that allows us to take into account distortions caused by equilibrium current, ECRH, and RF current drive effects. The classical problem of the degree of polarization of incoherent Thomson scattered radiation is solved analytically exactly without any approximations for the full range of incident polarizations, scattering angles, and electron thermal motion from non-relativistic to ultra-relativistic. The results are discussed in the context of the possible use of the polarization properties of Thomson scattered light as a method of T e measurement relevant to ITER operational scenarios. © 2014 AIP Publishing LLC. [http://dx
I. INTRODUCTION
Toroidal interferometry/polarimetry (TIP), poloidal polarimetry (PoPola), and Thomson scattering (TS) are major optical diagnostics being designed and developed for ITER. Since they are needed for basic machine operation as well as physics studies, accurate measurements are required to meet ITER operational goals. Fundamentally, each of these diagnostics relies upon a sophisticated quantitative understanding of the electron response to laser light propagating through a burning plasma. Improvements in this understanding are being used to guide and constrain the design of these diagnostics, and, once they are operational, will be used to improve measurement accuracy. These improvements will enable proper application of diagnostic measurements to direct real-time feedback control of ITER device operation. The primary focus of our work is to examine the effects of electron thermal motion on the refractive indices and polarization of high-frequency electromagnetic waves (specifically laser light, both directed and scattered).
The magnetized plasma exhibits birefringence, and two orthogonal states of wave polarization with different refractive indices are present. Important consequences of plasma birefringence are the Faraday (FR) effect of rotation of the polarization plane and the Cotton-Mouton effect (CM) leading to both rotation and deformation of the polarization ellipse. larimetry (I/P), we calculate electron thermal corrections to the interferometric phase and polarization state of the light (FR and CM polarimetry). Our initial results 2 were obtained from a linear in τ = T e /m e c 2 1 isotropic electron temperature model. They have already been included in the error analysis and design projections of the ITER TIP and PoPola systems. 3, 4 The new findings are: (1) the precision of the lowest order linear in τ model may be insufficient; we present a more precise model with τ 2 -order corrections to satisfy the high accuracy required for ITER TIP and PoPola diagnostics and (2) the linear model is extended from Maxwellian to a more general class of anisotropic electron distributions. This allows us to take into account a shift of distribution due to mean parallel electron drift velocity (current) and effects of temperature anisotropy caused by ECRH or RF current drive systems. The shift mechanism is discussed in relation to the possibility of Fizeau interferometry/polarimetry to measure the equilibrium plasma current density.
Interaction of the laser beam with plasma causes light to scatter away from the direction of the incident light. This low intensity Thomson scattered light is used for electron temperature and density measurements. In application to this diagnostic, we calculate the degree of polarization of incoherent Thomson scattered laser light analytically exactly without any approximations for the full range of incident polarizations, scattering angles, and electron thermal motion from non-relativistic to ultra-relativistic. The results are discussed in the context of the proposal 5 to use the polarization properties of Thomson scattered light as a method of T e measurement relevant to ITER operational scenarios. The purpose of this paper is to review recent theoretical results in support of optical diagnostics in burning plasmas. The progress achieved in Thomson scattering analysis will be described first below, followed by interferometry and polarimetry.
II. THOMSON SCATTERING
Incoherent Thomson scattering is routinely used for electron temperature measurement, with T e proportional to the width of the scattered spectrum. 6 The scattering process changes the polarization of the light, an effect that becomes large in high-temperature burning plasmas and is typically described by the relativistic depolarization factor q (see Ref. 6 ). This factor quantifies the reduction of scattered spectral intensity caused by relativistic terms ∝ v 2 e /c 2 in the polarization part of the scattering operator. Although the reduction is referred to as depolarization, it is different from the common understanding of depolarization considered in our paper. Indeed, the aforementioned reduction of intensity takes place even for scattering on a single moving electron. In this case, the scattered electromagnetic wave has a Doppler-shifted frequency but still remains monochromatic and completely polarized. We analyze the superposition effect caused by a large number of randomly moving electrons. It results in broadening of the frequency spectrum and renders the scattered radiation partially polarized even though the incident light is fully polarized.
The loss of polarization is quantified by the degree of polarization P, or equivalently by the degree of depolarization D = 1 − P. The possibility of determining the plasma electron temperature by measuring the degree of depolarization was suggested in Ref. 5 . If the degree of polarization dependence on electron temperature is accurately known from theory, the accuracy of such a diagnostic could potentially exceed that of the conventional spectrum-based TS method. Thus motivated, we revisited this topic to analyze whether polarization effects may be suitable for application to advanced TS diagnostics on ITER. In our analysis, we follow Ref. 7 , with some important corrections and improvements. In particular, the finite transit time effect 8 is properly incorporated into the scattering operator. Another important improvement is optimal choice of the reference frame for averaging over velocity space. This allows derivation of an exact relativistic analytical expression for the degree of depolarization. 9 Polarization properties of a non-monochromatic plane wave are characterized by the complex coherency matrix J. The matrix is constructed from time averaged quadratic combinations of the field components and represented, in general, by four real quantities which can be equivalently expressed by four Stokes parameters or 4-component Stokes vector S
The S 0 component corresponds to the total intensity of the wave and the remaining components describe the polarization properties. For a purely monochromatic, fully polarized incident wave, the amplitudes and the phases of E x and E y are independent of time. In this case det|J| = 0, leading to the relationship
. Correspondingly, the state of polarization of the incident laser light in TS experiments and the waves used for I/P measurements are described by the reduced three-component unit Stokes vector s i = S i /S 0 (i = 1, 2, 3). The vector s is characterized by the azimuth (orientation angle) of the polarization ellipse 0 ≤ ψ < π (measured from the perpendicular to the scattering plane) and the ellipticity angle χ = ± arctan(b 2 /b 1 ) determined by the ratio of the minor and the major axis (−π /4 < χ ≤ π /4). Then, the four-component Stokes vector of fully polarized incident laser light is expressed as S (i) = S 0 (1, cos 2ψcos 2χ , sin 2ψcos 2χ , sin 2χ ).
A fully unpolarized wave (natural light) is characterized by S 1 = S 2 = S 3 = 0. Any partially polarized wave can be decomposed into completely unpolarized and polarized portions yielding the degrees of polarization/depolarization of the scattered radiation
Making use of the definition of the Stokes vector allows us to obtain the 4 × 4 Mueller matrix that describes the transformation of the Stokes vectors in the process of scattering on a single electron moving with an arbitrary velocity v,
Time averaging is performed by integrating over the whole frequency range that removes a delta-function dependence on frequency in M (single) . This corresponds to the transition from the spectrum-based characteristics to the polarization analysis based on the total frequency integrated intensities. As the scattering is incoherent, the Stokes vector of the total scattered radiation is the sum of the Stokes vectors of radiation scattered by the separate electrons. The resulting effect is described by the Mueller matrix M(μ, θ ) = Cm(μ, θ ) averaged over a relativistic Maxwellian distribution
while the constant factor C = r instead of (1 − β s ) −5 ). The degree of depolarization depends on T e , scattering angle θ , and polarization characteristics of the incident light ψ and χ . One particular example illustrating a maxima of D as a function of ψ and χ is shown in Fig. 1 for T e = 10 keV and θ = 90
• . At any given θ and The red curve is a boundary in (T e , θ ) space that determines which of the two maxima shown in Fig. 1 provides the absolute maximum. of the matrix elements m is that for all values of the variables 0 ≤ D < 1. The planned ITER LIDAR TS system detects backscattered radiation at θ ∼ 180
• . For such backscattered light, the degree of depolarization is quadratic in τ 1 and, therefore, small (∼3% − 5%) at the temperatures expected in ITER. It is insensitive to ψ and reaches its maximum for circularly polarized incident light. 9 For a conventional Thomson scattering geometry with scattering angle θ 90
• , the degree of depolarization of circular polarized incident light is about five times larger (∼20% − 25%). The absolute maximum D max ∼ 95% is reached at ψ = 90
• for elliptically polarized incident light (see Fig. 1 ). This extreme regime corresponds to very small scattered power and results in large error bars for polarization-based T e measurements. More practical cases of circular and linear incident polarizations are illustrated in Fig. 4 for conventional TS diagnostics at three scattering angles. Although circular incident polarization yields stronger depolarization of scattered radiation, rigorous minimization of the error bars shows that linear incident polarization is preferential for polarization-based diagnostics.
III. INTERFEROMETRY AND POLARIMETRY
The ITER TIP system is designed for line-integrated tangential plasma density measurement from both traditional interferometry and Faraday-effect polarimetry. 3 Faraday-effect polarimetry can be used to independently measure the plasma density, since the toroidal magnetic field is known, or to correct the interferometer for fringe jumps. In a cold plasma, the interferometric phase and the Faraday rotation angle of polarization ψ F are proportional to the line integral of the electron density and the line integral of the electron density multiplied by the parallel component of the magnetic field, respectively. For the ITER TIP system parameters, n
63 rad, and ψ F 19
• . The ITER PoPola diagnostic is based on Faraday and Cotton-Mouton effects for laser beams launched in the poloidal plane. It will provide a unique method of internal magnetic field and current profile measurement, in addition to electron density. 4 With propagation largely perpendicular to the magnetic field, the Cotton-Mouton effect becomes significant and leads to a change in the ellipticity angle χ . For the PoPola system parameters, n 10 20 m −3 , B ⊥ 5.3T , L 8m, and λ = 118μm, the induced ellipticity of radiation initially linearly polarized at 45 0 to B ⊥ is given by χ (cold) 
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• . These results for the I/P characteristics are derived from a cold plasma model. One source of error is finite electron temperature effects neglected in the cold plasma dispersion relation. Thermal corrections are proportional to τ = T e /m e c 2 and are small at T e ∼ 1 keV, but become sizable at T e ≥ 10 keV. There are two physically different sources of thermal corrections that are comparable in magnitude but contribute with opposite sign: non-relativistic Doppler-like effects, and the relativistic electron mass dependence on velocity. The effects of finite electron temperature were addressed in the non-relativistic limit in Ref.
11. Our reevaluation of this problem demonstrated that weakly relativistic effects are equally important and cannot be ignored. 2 The relativistic effects turn out to be stronger than the non-relativistic contributions for interferometry and Faraday-effect polarimetry. They change the sign of the nonrelativistic corrections for the interferometric phase and Faraday rotation angle, and reduce the magnitude of the nonrelativistic thermal correction for the Cotton-Mouton effect.
At T e = 25 keV, the resulting values of the interferometry, FR, CM effects relative to their values in cold plasma are, respectively, −7.5%, −10%, and +22.5%, while the non-relativistic model yields overestimated values, +5%, +15%, and +60%, correspondingly.
For formal analysis of the problem, we developed an iterative technique for solving the relativistic Vlasov kinetic equation. The key element of the method is expansion in powers of Y = ω ce /ω 1 instead of integration over azimuthal angle in the velocity space. This avoids the use of a complicated Bessel function series representation. Instead, expansion is performed by successive differentiations of simple standard trigonometric functions. The final result is in the analytic form of a double power series expansion of the dielectric tensor in Y 1 and τ 1 to any desirable order. The validity of the method has been proven computationally by comparison with the ray-tracing numerical code GENRAY of Ref. 12 . The theoretical predictions have also been confirmed by direct measurements on the JET tokamak. 13 Data collected from high-T e JET discharges demonstrated good agreement with the relativistic theory and disagreement with the cold plasma and non-relativistic models. These were the first experimental observations of relativistic effects in plasma polarimetry.
The model which adequately describes evolution of polarization of the EM wave in a nonuniform plasma and magnetic field is based on the Stokes vector equation For the ITER TIP system with a CO 2 laser at λ = 10.6μm, a central viewing channel optical path length of 21 m, a plasma density of 10 20 m −3 , and T e = 25 keV, the linear thermal correction to the interferometric phase is large (∼270
• ), and the quadratic correction is also significant (∼17
• ). With the τ 2 -model and T e known from Thomson scattering, finite T e effects can be rapidly and accurately calculated. This capability is particularly important for fast real-time feedback corrections in ITER. New effects come into play when the electron distribution function develops an anisotropy. This could be caused by a large mean electron drift velocity U e (parallel equilibrium current), an enhanced effective perpendicular temperature T ⊥ in ECRH heated plasmas, or a large effective parallel temperature T due to LH current drive. The corresponding vector in the Stokes equation can be presented as a sum of three contributions = (0) + (B) + (U) . The first term does not depend on the magnetic field and describes the effect of birefringence caused by the temperature anisotropy
where
It results in evolution of the polarization ellipse similar to the usual "magnetic" Cotton-Mouton effect. The magnitude of the effect is strongly reduced by almost exact cancellation of the relativistic and non-relativistic Doppler-like contributions expressed, correspondingly, by the unity and N 2 term in the factor (1 − N ) 2 ∝ X. The residual small effect (∝X 2 ) exceeds "magnetic" Cotton-Mouton effect in high-β plasmas. In the low-β case, it can be a potential source of 1% − 3% errors for the ITER PoPola diagnostic system.
The second term, (B) , describes the generalization of linear in τ isotropic results to the case of non-Maxwellian anisotropic distributions. These results can be used for correction of the interpretation errors in fusion plasmas with nonMaxwellian distributions generated by ECRH and other RF sources such as EC and LH current drive 
where α and β are spatially varying angles of the magnetic field B in a spherical reference frame with z k (α is the angle between k and B and β is the azimuth angle in the x, y plane between x and B ⊥ ). Motion of the electron component as a whole (equilibrium current) can be treated in terms of the Fizeau effect, that is, the phase velocity of electromagnetic waves depends on whether they propagate in a moving or stationary medium. This suggests a new interferometric scheme for measuring the equilibrium current density by comparing the phases of two counter-propagating laser beams. This method was proposed to measure the line integrated poloidal electron current. 16 Lorentz-transformation based calculations for a plasma slab moving with velocity U e orthogonal to the slab boundary predicted a measurable interferometric phase shift φ (ω/c)(U e /c)XL 2
• with a FIR laser at λ = 432μm, a central viewing optical path length of 1 m, a plasma density of 1.5 × 10 19 m −3 , and current density ∼1.5 MA/m 2 . A more sophisticated slab model with the velocity vector oriented arbitrarily with respect to the slab surface showed that in a cold non-magnetized plasma, only the velocity component perpendicular to the plasma density isosurface can be measured. 17 For the parallel component, which is of the main interest for current density diagnostics, the Fizeau effect cancels out due to specific scaling of plasma refractive index on frequency. 18 This can also be seen from the structure of the isotropic electron dielectric tensor which is insensitive to the Doppler shift of the frequency k · U caused by the mean electron velocity.
In the presence of a magnetic field, the non-magnetized electron dispersion relation is modified. Calculating the electron dielectric tensor, we found new physical properties of the Fizeau effect. They appear in the form of birefringence of electromagnetic waves due to the combined action of the magnetic field and electron drift velocity. The Fizeau effect is recovered in a magnetized plasma because the Dopper shifted frequencies do not cancel in magnetic field dependent elements of the dielectric tensor. Evolution of the wave polarization caused by parallel electron equilibrium current is described by the Stokes vector equation with the vector This may open new possibilities for diagnosis or measurements of the parallel equilibrium current (Fizeau polarimetry).
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IV. SUMMARY
Using the theoretical model for TS polarization allows us to optimize the experimental setup for polarization-based T e measurements. For optimization, the diagnostic error bars are calculated and minimized with respect to polarization characteristics of the incident light ψ and χ and scattering angle θ . In the general case of elliptically polarized incident light, four Stokes vector components of the scattered light should be measured. Modifying the standard scheme of six measurable intensities, 10 we select four independent intensities I α to determine S Three of them are measured after the light is separated by beamsplitters and transmitted by three polarizers that select linear polarization at the azimuth angles 0
• , 90
• , and 135
• with respect to the perpendicular to the scattering plane. The fourth channel contains a quater-wave plate to create π /2 retardation of the in-plane component before the light is transmitted by the 135
• polarizer. The degree of depolarization measurement error, σ D , is related to the error on each of the
